Ga:ZnO whiskers were grown by atmospheric chemical vapor deposition on single crystalline silicon (100). By adjusting the concentration of the gallium dopant, the crystallite density and radius of curvature could be varied. The c-axis orientation of the Ga:ZnO crystallite was less than that of the Al:ZnO crystallite. The field emission characteristics of Ga:ZnO whisker emitters were investigated by varying the crystallite density and radius of curvature. Moreover, when the crystallite density was in the range 0.8 × 10 4 -1.6 × 10 4 /mm 2 and the crystallite radii of curvature were in the range 46-106 nm, the electric field, E, necessary to obtain a current density, J, of 100 μA/cm 2 was in the range 5.3-5.7 V/μm.
Introduction
The field emission characteristics of ZnO nanostructures have gained importance in recent years. The field emission characteristics of various ZnO nanostructures, such as nanotetrapods, 1) nanorods, 2) nanocones, 2) nanowires, 3) nanopins, 4) nanoneedles, 5) nanotubes, 6) and nanofibers, 7) have been investigated. In addition, ZnO nanostructures exhibit strong environmental endurance compared with carbon nanotubes. ZnO nanostructures such as field emitters (FEs) are promising candidates for use as practical field emission devices. The authors have previously reported the formation of ZnO whiskers by atmospheric chemical vapor deposition (CVD).
8)-10) The ZnO crystallite length and shape were almost uniform throughout the whiskers. In addition, the ZnO crystallites had sharp tips with a radius of curvature of ca. 10 nm. 8) Utilizing the whisker's properties, we attempted to employ the ZnO whiskers as FEs.
FE technology is based on the field emission phenomenon, also called Fowler-Nordheim (F-N) tunneling, in which electrons tunnel through a barrier in the presence of a high electric field. 11) This quantum mechanical tunneling process is an important mechanism for FEs. The current density, J, is related to the density of available electrons multiplied by the tunneling probability and is expressed as J = (e 3 F 2 /8π hφ)·exp{-8π (2m)
where E is the applied electric field, φ is the work function or electron affinity, Β is the dimensionless geometric electric field enhancement factor, m is the electron mass, h is Planck's constant, and e is the electron charge. Equation (1) can be converted into log(J/E 2 ) ∝-8π (2m) 1/2 ·φ 3/2 /3heβE, β = 2.303·Β.
Uniform emission from an Al:ZnO whisker emitter, which is not coated with a low-work-function material, has been achieved at a low operating voltage by optimizing the crystallite density, length, and radius of curvature in relation to the sharpness of the crystallite tip. 12), 13) It has been reported that when the crystallite density is 2.7 × 10 4 /mm 2 , the crystallite length is 26 μm, and the crystallite radius of curvature is 25 nm, the E necessary to obtain a current density of 100 μA/cm 2 is 3.6 V/μm. Aluminum and gallium have been introduced as dopants to increase the conductivity of ZnO. The ionic radii of the aluminum, zinc, and gallium ions are estimated to be 54, 60, and 62 pm, respectively. 14) Compared with aluminum ions, the ionic radius of gallium ions is closer to that of zinc, suggesting that gallium would be the preferred dopant. Therefore, in this study, the changes in the crystallite shapes were investigated using gallium, instead of aluminum, as a dopant. In this paper, we discuss the properties of Ga:ZnO whiskers and the field emission characteristics of Ga:ZnO whisker emitters. Figure 1 shows a schematic diagram of the CVD apparatus, which has a nozzle with a flat face, operated under atmospheric pressure. As reactants, 0.5 g of either Ga(C5H7O2)3 (STREM CHEMICALS, 99.9%) or Al(C5H7O2)3 (Soekawa Chemical, 99.9%) and 6 g of Zn(C5H7O2)2·H2O (Nacalai Tesque, Inc., 99%) were loaded into two vaporizers. The inside temperature of the vaporizers measured using a K-type thermocouple was defined as the vaporization temperature. Ga(C5H7O2)3 was vaporized at a temperature between 90 and 125°C, Al(C5H7O2)3 was vaporized at 104°C, and Zn(C5H7O2)2·H2O was vaporized at 121°C. To vaporize Ga(C5H7O2)3 at a temperature between 90 and 120°C or Al(C5H7O2)3 at 104°C, Ga(C5H7O2)3 or Al(C5H7O2)3 was loaded into the first vaporizer, and Zn(C5H7O2)2·H2O was loaded in the second vaporizer. To vaporize Ga(C5H7O2)3 at 125°C, it was loaded in the second vaporizer and Zn(C5H7O2)2·H2O was loaded in the first vaporizer.
Experimental procedure
To prepare only ZnO whiskers, the nozzle and the connecting tubes of the CVD apparatus, as well as those of the vaporizers, were rinsed using dilute nitric acid. Also, Zn(C5H7O2)2·H2O was loaded in the second vaporizer and vaporized at 121°C, while the first vaporizer was empty and its temperature was maintained at 90°C. The reactant vapor was first carried by nitrogen gas at a total flow rate of 2.5 dm 3 /min. Dry air was supplied at a rate of 3.5 dm 3 /min. The reactant vapor in the nitrogen gas and dry air were mixed in the nozzle and then sprayed directly onto an ntype single-crystalline silicon (100) substrate (SUMCO, 550 μm in thickness and resistivity of 0.02-0.1 Ω·cm) mounted on an electric heater. The nozzle had a diameter of 80 mm and an internal height of 30 mm. The top of the nozzle was connected to the vaporizer and the dry air source. The center of the flat face at the bottom contained holes with a diameter of 1 mm separated by spaces of 1 mm over an area of 16 × 16 mm 2 . The substrate temperature was maintained at 670°C. The whisker formation area was determined by placing a quartz glass mask with an open area of 8 × 38 mm 2 and a thickness of 0.5 mm directly onto the substrate. The reactants, either Ga(C5H7O2)3 or Al(C5H7O2)3 and Zn(C5H7O2)2·H2O, immediately decomposed because of the heat from the substrate heater to form the whiskers. The distance between the nozzle and substrate was maintained at 20 mm. The deposition time was 1 h.
The surface morphology of the whiskers was observed using a scanning electron microscope (SEM; JEOL JCM-5100). When the whiskers were used as an emitter, the surface morphology, crystallite density, crystallite length, crystallite radius of curvature, crystallite diameter, and the angle between the substrate and the crystallite were observed before and after emission. The crystallite density was defined by the number of crystallites in the range 200 × 200 μm 2 . The crystallite length was defined as the average of the vertical distances from the substrate surface to the top of the ten arbitrary crystallites.
The crystallite radius of curvature was determined as follows: The crystallite tip was approximated as a parabola. An imaginary circle of suitable size was placed at the top of the parabola, and its radius was measured. The crystallite radius of curvature was defined as an average of the radii of the circles of ten arbitrary crystallites. In this study, the center axis of the crystallite was not perpendicular to the plane of the substrate surface. The angle between the substrate and crystallite was defined as the average of the acute angle between the substrate surface and the center crystallite axis of twenty arbitrary crystallites. The average crystallite distance was defined as the reciprocal of the square root of crystallite density after field emission. Gallium, aluminum, and zinc contents in the whiskers were measured by inductively coupled plasma mass spectroscopy (ICP-MS; Thermo Fischer Scientific X7). The sheet resistance was measured using the Hall effect measurement equipment (ACCENT HL5500PL). An area of 7 × 7 mm 2 where the whisker had been formed on the substrate was cut out and used as a sample to measure sheet resistance. Indium was used as the electrode. The sample used to measure sheet resistance was heated at 180°C, and melted indium was applied in circles of about 0.5 mm in diameter near the four corners of the whisker formation area of the sample. After cooling, indium was contacted on the sample. Phase identification and the lattice constant a were determined by X-ray diffraction (XRD; Rigaku ATX-G) with θ -2θ scans.
The field emission characteristics of the whiskers were studied using a triode field emission device in a vacuum chamber. The anode was made of quartz glass coated with indium-tin-oxide (ITO) as a conductive material, and europium-doped yttrium oxide (Eu:Y2O3) was formed on the ITO as a phosphor. The Eu:Y2O3 formation area was 10 × 45 mm 2 . The gate was a stainless-steel (SUS 304) plate having square holes with dimensions 0.3 × 0.3 mm 2 and separated by spaces of 0.2 mm. The whisker emitter on the silicon substrate acted as the cathode. The silicon substrate surface and gate surface were parallel to each other and separated by insulating mica plate spacers having a thickness of 250 μm. Furthermore, the whiskers on the silicon substrate were treated with hydrogen at 400°C for 1 h before use. The measurements were performed in the pressure range from 1 × 10 5 to 7 × 10 5 Pa. A DC voltage was supplied from a variable power supply with an ammeter and a voltmeter (Matsusada Precision HAR-10P3 for the anode and HAR-3P10 for the gate).
The dependence of the field emission current density, J, on E (E-J characteristic) was measured as follows: The anode voltage was 3 kV, while the gate voltage was increased at a rate of 50 V/min, starting from 500 V. When the cathode current reached about 1000 μA, it was kept constant by automatically controlling the gate voltage, which also approached a constant value. The field emission E-J characteristic was then measured with a cathode current ranging from 1000 to 0.1 μA. The current density, J, was calculated by dividing the cathode current by the whisker formation area (3.04 cm 2 ). Figure 2 shows the relationship between the ratio to gallium content of gallium and zinc contents in Ga:ZnO (Ga ratio) and the Ga(C5H7O2)3 vaporization temperature. The Ga ratio increased with the Ga(C5H7O2)3 vaporization temperature. When neither Al(C5H7O2)3 nor Ga(C5H7O2)3 were vaporized, aluminum and gallium could not be detected in the whiskers. Figure 3 shows typical SEM images of the whiskers in cross-sectional view. Each whisker samples consisted of two parts, crystallites and a thin film. The shape of each crystallite was uniform, except at the Ga ratio of 0.42 at.% (Sample E). At this ratio, the crys- tallite diameter and radius of curvature were different, whereas the crystallite length was constant ( Fig. 3(b) ). The substrate surfaces of each sample were coated with a thin film, which consisted of microcrystals ( Fig. 3(f) ). The microcrystals made sideto-side contact with each other. The thickness of the thin film was in the range 0.8-1.4 μm. At the Ga ratio of 1.03 at.% (Sample F), the crystallites were dendritic with remarkable secondary growth. The crystallites had star-like sidebranching with six-fold symmetry (Fig. 4) . The ZnO crystal was hexagonal. The sidebranching, which had six-fold symmetry, was uniformly disordered in the crystal. (Fig. 5) . Furthermore, increasing with the Ga ratio of 1.03 at.% (Sample F), the dendritic crystallites formed, and then the crystallite density increased to 8.30 × 10 4 /mm 2 . The crystallite length was in the range 11-32 μm, the crystallite diameter was in the range 1.3-4.0 μm, and the angle between the substrate and the crystallite was in the range 72-88°. With the Ga ratios in the range of 0.040-0.25 at.% (Samples B-D), the crystallite length increased to a value in the range 28-32 μm; the crystallite diameter increased to a value in the range 2.7-4.0 μm, and the angle between the substrate and the crystallite decreased to a value in the range 72-78°.
Results and discussion

Properties of whiskers
All properties, such as the crystallite density, the crystallite diameter, and the angle between the substrate and the crystallite of samples B, C, and D, whose the Ga ratios were in the range of 0.040-0.25 at.% had changed significantly than those of sample H, whose ratio to aluminum content of aluminum and zinc contents in Al:ZnO (Al ratio) was 0.14 at.%. In this sample, only the crystallite density changed significantly. Addition of gallium as a dopant changed the crystallite density, the crystallite diameter, and the angle between the substrate and the crystallite, whereas aluminum as a dopant preferentially changed the crystallite density.
Typical θ -2θ X-ray diffraction patterns of the crystallite structures for various Ga(C5H7O2)3 vaporization temperatures and an Al(C5H7O2)3 vaporization temperature of 104°C are shown in Fig. 6 . The profiles were normalized so that the intensities of the (10-10) reflections had the same values. Five reflections and three different orientations were observed for each sample. The and (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) reflections indicated that the planes were parallel to the c-axis. In other words, the c-axis of the crystallites were aligned in the plane. The (0002) reflection indicated that the planes were perpendicular to the c-axis. The (10-11) and (10-12) reflections, which caused the suppression of the (0002) reflection, 15) indicated that the planes were oblique to the c-axis. The c-axis orientation corresponds to the angles between the substrate and the crystallite.
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8) The Ga:ZnO whiskers with the Ga ratio of 0.026 at.% (Sample A), the ZnO whiskers (Sample G), and the Al:ZnO whiskers with the Al ratio of 0.14 at.% (Sample H) showed a (0002) reflection; the intensity for sample H was smaller than that for sample G, and showing that Sample H was not as well aligned along the c-axis as the ZnO whiskers (Sample G). The intensity for sample A was minimal, indicating that sample A was slightly aligned along the c-axis. The Ga:ZnO whiskers with a gallium dopant content of 0.040-1.03 at.% (Samples B-F) did not show a (0002) reflection. The addition of gallium as a dopant greatly decreased c-axis orientation. All samples showed (10-12) and/or (10-11) reflections. The stronger the intensities of the (0002) reflection and/or (10-12) reflection, wider was the angle between the substrate and the crystallite. The intensity of the (10-12) reflection was more indicative of the orientation perpendicular to the plane of the substrate surface than that of the (10-11) reflection.
The lattice constant a of the Ga:ZnO whiskers increased with an increase in the Ga ratio (Table 1) . At the Al ratio was 0.14 at.% (Sample H), the lattice constant a was the same as that of the ZnO whiskers (Sample G). Although a part of the crystal lattice of the Al:ZnO whiskers was probably disordered, the lattice constant a did not change because it had an average value over the entire crystal structure. It was more difficult for an aluminum ion to enter the crystal lattice of ZnO compared with a gallium ion, because the ionic radius of aluminum is farther from that of zinc than that of gallium. The ions that did not enter the crystallite lattice of ZnO existed as impurities in the ZnO crystal, which mainly changed the crystallite density.
ZnO whisker growth by atmospheric CVD may occur via the Kossel mechanism.
16) The Al:ZnO and Ga:ZnO whiskers also grew via this mechanism, because both whiskers were grown by atmospheric CVD with aluminum and gallium as dopants in the ZnO whiskers. In the Kossel mechanism, 17) faces with kinks absorb more of the precursors in the vapor phase. Therefore, the density of the kinked faces affects the crystallite shapes. To prevent a decrease or disappearance of kinks, a continuous kink-supplying mechanism is required. At the Ga ratio of 0.026 at.% (Sample A), the gallium ions disordered the ZnO lattice slightly, and the surface energy did not change. The gallium ions existed as impurities in the lattice and increased the nucleation frequency of crystallites. Therefore, the crystallite density increased and the crystallite diameter did not change. With the Ga ratio was in the range of 0.040-0.25 at.% (Samples B-D), the change of the lattice constant was relatively low, causing lattice disorder and strain. In the region of low lattice strain, the change in the surface energy reduced lattice strain and mainly decreased the nucleation frequency of crystallites. Some kinks were formed, which increased the crystallite diameter. The supply rate of the reactants did not change; therefore, the crystallite density decreased and the crystallite length increased. At the Ga ratio of 1.03 at.% (Sample F), the lattice strain increased and more kinks were formed. Larger number of kinks promoted anisotropic growth of the crystal and increased the nucleation frequency of crystallites. Thus, dendritic crystallites were formed with high crystallite density. Figure 7 shows the sheet resistance of whiskers coated on the n-type silicon as a function of the Ga ratio. Each measured sheet resistance of whiskers was higher than the substrate sheet resistance, 0.91 Ω/□. The electrode was not in contact with the silicon substrate. The whisker microcrystals electrically contacted each other and coated the entire surface of the Si substrate. The calculated sheet resistance includes the resistance of both whiskers and the silicon substrate. It could be estimated to be the relative resistance of the whiskers, because the whisker formation area was conductive and the sheet resistance of silicon was constant and much lower than the coated sheet resistance. The sheet resistance decreased due to doping with gallium. With the Ga ratios of 0 and 0.026 at.% (Samples A and G), the sheet resistance decreased from 1854 Ω/□ to 112 Ω/□. Furthermore, the actual resistance of the whiskers might have increased, because the crystallite diameter decreased in the direction of the tip. In other words, the actual resistance of whiskers increased by at least one order of magnitude. With the Ga ratios of 0.42 and 1.03 at.%, the sheet resistance increased. The disordered crystal lattice promoted the formation of crystal boundaries, leading to an 
increase in the sheet resistance. Figure 8 shows the field emission E-J characteristics of the whiskers, which were affected by the crystallite density during the field emission and the crystallite radius of curvature.
Field emission characteristics of whisker emitters
12),13) The field emission E-J characteristics were mainly divided into four groups. When samples B-D, which had crystallite densities during the field emission of 0.23-0.87 × 10 4 /mm 2 and crystallite radii of curvature of 46-106 nm, were used as emitters, E at 100 μA/cm 2 were in the range of 5.3-5.7 V/μm. When sample E, which had a crystallite density during the field emission of 0.54 × 10 4 /mm 2 and a crystallite radius of curvature of ≥112 nm, and sample G, which consisted of ZnO and had a crystallite density during the field emission of 5.31 × 10 4 /mm 2 and a crystallite radii of curvature of 50 nm, were used as emitters, E at 100 μA/cm 2 were in the range of 6.9-7.0 V/μm. Sample A, which had a crystallite density during the field emission of 1.96 × 10 4 /mm 2 and a crystallite radius of curvature of 50 nm, was used as an emitter, showed intermediate E-J characteristics. When a crystallite density during the field emission was over 1.96 × 10 4 /mm 2 or a radius of curvature was over ≥112 nm, E at 100 μA/cm When the dendritic sample F was used as an emitter, no field emission was observed. According to the results that the crystallite density and/or the crystallite length affected field emission characteristics, 12) independent projection in a particular area was required for the electric field enhancement on its tip. The crystallite structure of sample F had dense side-branching, which increased the tentative apparent crystallite radius of curvature and/or shortened the tentative crystallite length needed for electric field enhancement.
After the field emission, the crystallite density was smaller ( Table 2 ) due to the Coulomb forces between the emitter and the gate. When sample A, which had a crystallite density of 6.96 × 10 4 /mm 2 , was used as an emitter, the crystallite density decreased to 1.96 × 10 4 /mm 2 during the field emission. On the other hand, when sample G, which had a crystallite density of 5.73 × 10 4 /mm 2 , was used as an emitter, the crystallite density decreased to 5.31 × 10 4 /mm 2 during the field emission. Both angles between the substrate and the crystallite of samples A and G were 86°. Sample A contained gallium and sample G had no dopant. With the Ga ratios of 0 and 0.026 at.%, the resistance of whisker decreased at least by one order of magnitude. The Coulomb force acts on conductors. The difference in the whisker resistance affected the Coulomb force acting on whisker. The lattice constant of Ga:ZnO changed by introducing gallium as a dopant. The change in the lattice constant could cause disorder in the crystal lattice and a consequent change in the crystallite shapes, such as a uniformity and/or cause defects in the crystallite. Since a difference in the whisker resistance and/or defects in the crystallite caused lowering of mechanical endurance to Coulomb force, the crystallite densities of samples A and G were different after field emission. Figure 9 shows E at 100 μA/cm 2 as a function of the average crystallite distance after the field emission. In Fig. 9 , r indicates the crystallite radius of curvature. The crystallite radius of curvature and the crystallite density during the field emission affected E at 100 μA/cm 2 .
12),13) Samples C and H, which had nearly the same crystallite densities during the field emission and also had nearly the same crystallite radii of curvature, showed different E at 100 μA/cm 2 . When an isolated emitter exists in an electric field, a small change in the angle between the emitter and the substrate slightly affects the electric field on the emitter tip, although the angle between the substrate and the crystallites was different between samples C and H. The difference in the crystallite diameter affected E at 100 μA/cm 
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after hydrogen plasma treatment, the conductivity of ZnO nanoneedles increased, and then the field emission characteristic curves exhibited a reduced turn-on electric field and increased emission current density.
18) The resistance of the whisker may affect E at 100 μA/cm 2 , because the sheet resistances of sample C and H were 98 and 59 Ω/□, respectively.
The effect of crystallites that detached from the cathode on the E-J characteristic was investigated. After measuring the field emission E-J characteristic, the triode field emission device was disassembled. Each part, except the cathode, was rinsed by ultrasonic cleaning. After rinsing and drying, the triode field emission device was reassembled using the same cathode. Figure 10 shows the E-J characteristics of sample D during repeated measurements. When the triode field emission device was first assembled, E at 1, 10, and 100 μA/cm 2 were 3.1, 3.7, and 5.1 V/μm respectively. When the triode field emission device was reassembled, E at 1, 10, and 100 μA/cm 2 were 3.1, 3.7, and 5.3 V/μm respectively. Only a slight effect was observed. In other words, the crystallites that detached from the cathode did not affect the E-J characteristics. Figure 11 shows images of Eu:Y2O3 excited by electrons from a whisker emitter. The ratio of the Eu:Y2O3 excited area to the Eu:Y2O3 formation area was calculated using the image in Fig.  11 ( Table 2 ). The Eu:Y2O3 formation area was larger than that of the whisker emitters formation area. The ratio of the whisker emitters formation area to the Eu:Y2O3 formation area was 0.68. When the ratio of the Eu:Y2O3 excited area/formation area was greater than 0.68, Eu:Y2O3 was uniformly excited by the electrons emitted from the whisker emitter. With the crystallite radius of curvature in the range of 46-106 nm and the crystallite density in the range of 0.23 × 10 4 -0.87 × 10 4 /mm 2 during the field emission, Eu:Y2O3 was excited uniformly by the electrons emitted from the whisker emitter at a low operating voltage. At the crystallite radius of curvature of ≥112 nm and the crystallite density of 0.54 × 10 4 /mm 2 during the field emission, Eu:Y2O3 was partially excited by the electrons emitted from the whisker emitter at a high operating voltage, because each crystallite shape was not uniform. At the crystallite densities of 5.31 × 10 4 and 1.96 × 10 4 /mm 2 during the field emission, Eu:Y2O3 was partially excited by electrons emitted from the whisker emitter at a high operating voltage, because the electric field was not enhanced on each crystallite tip.
F-N plots of the whisker emitters obtained from Fig. 8 are shown in Fig. 12 . In the F-N plots, all the whisker emitters exhibited a linear region, implying that F-N tunneling occurred and showed a downward curvature in the region of high emission current. Samples B, E, and G exhibited linear regions at least in the J range of 3.5-53 μA/cm 2 and samples A, C, D, and H exhibited linear regions at least in the J range of 3.5-112 μA/cm 2 respectively. J of 100 μA/cm 2 was assumed to be sufficient current density for practical field emission lamps. The whisker emitters in this study could sufficient electrons by the quantum mechanical tunneling process. Using the slope of the linear region and the reported work function of ZnO (5.3 eV), 7) , 19 ) Β values were calculated ( Table 2) . All E at 30 μA/cm 2 existed in Fig. 9 . E at 100 μA/cm 2 as a function of average crystallite distance after field emission. 
a linear region of the F-N plot. The Β values and E at 30 μA/cm 2 were correlated with each other (Fig. 13) . E at 30 μA/cm 2 decreased with an increase in the Β value. The crystallite density, diameter, and radius of curvature also affected the Β value. Table 3 summarizes the field emission characteristics of other ZnO nanostructure emitters reported in other studies.
1)-7) The ZnO whisker emitters in this study are comparable to other ZnO nanostructure emitters. Furthermore, uniform excitation of Eu:Y2O3 by electrons from a whisker emitter was observed, which was important for the development of practical field emission devices. This uniform excitation can be attributed to the uniform shape of the crystallite throughout the whisker.
Conclusions
Ga:ZnO whiskers were grown on a single crystalline silicon (100) substrate by atmospheric CVD. By adjusting the concentration of gallium, which was used as a dopant, the crystallite density and radius of curvature could be varied. When the Ga ratio was less than 0.42 at.%, the crystallites were whisker-like, and when it was 1.03 at.%, the crystallites were dendritic and had star-like side-branching. The Ga:ZnO crystallites were not as well oriented along the c-axis as the Al:ZnO crystallites. The field emission characteristics of the Ga:ZnO whisker emitters were investigated by varying the crystallite density and the radius of curvature. When the crystallite density was in the range 0.8 × 10 4 -1.6 × 10 4 /mm 2 and the crystallite radius of curvature was in the range 46-106 nm, E necessary to obtain a current density of 100 μA/cm 2 was in the range 5.3-5.7 V/μm. 
